abolish origin activity and result in a commensurate reduction in ORC DNA binding (Bell and Stillman, 1992; Marahrens and Stillman, 1994; Rao and Stillman, 1995; Summary Rowley et al., 1995). Analyses of DNA replication intermediates in yeast strains harboring conditional-lethal In S. cerevisiae, the chromatin structure of DNA repli-ORC mutations show that ORC is required for initiation cation origins changes as cells become competent for of DNA replication (Fox et al., 1995; Liang et al., 1995). DNA replication, suggesting that G1 phase-specific Biochemical analysis of ORC and its interaction with association of replication factors with origin DNA regreplicator DNA indicates that ORC is an ATPase whose ulates entry into S phase. We demonstrate that ORC, activity is modulated by origin DNA binding; however, Cdc45p, and MCM proteins are components of prerepthe role of ATP hydrolysis in ORC function is not known lication complexes (pre-RC). The MCM-origin associa- (Klemm et al., 1997). tion is dependent upon ORC and Cdc6p. During S
XlORC (Coleman et al., 1996; Romanowski et al., 1996a; Rowles et al., 1996) . A similar analysis in yeast demonstrated that MCM proteins exhibit Cdc6p-dependent association with total chromatin during G1 and that this association diminishes as cells progress through S phase (Donovan et al., 1997) . The function of the MCM proteins in DNA replication and the role of origin DNA in recruiting MCM proteins to the chromatin remain to be determined.
In this report, we have used in vivo chemical crosslinking to identify protein components of the prereplicative and postreplicative complexes of yeast origins of DNA replication. Our results show that ORC specifically binds to origin DNA throughout the cell cycle and that Mcm4p, Mcm7p , and Cdc45p associate with the ORCorigin complex during G1. Intriguingly, we find that as the pre-RC is dismantled at the beginning of S phase, the MCM proteins and Cdc45p change their DNA associ- with those of DNA Pol⑀ suggests that the MCM proteins were treated with formaldehyde (with X-link), lanes 4-6 are 2.5-fold and Cdc45p are components of the eukaryotic replicaserial dilutions of the template DNA; lanes 7-11 are strains OAy576-tion fork.
OAy580, respectively, which harbor the indicated wild-type or mutant ARS1 allele at the native locus. (B) ORC mutations eliminate specific ORC-origin association.
Results
Strains OAy423 (wild-type, lanes 12 and 15), OAy422 (orc1-161, lanes 13 and 16), and OAy446 (orc2-1, lanes 14 and 17) were blocked To identify the protein components of complexes asin G2/M with nocodazole at 23ЊC. The arrested cultures were split sembled at origins of replication, we have used a chroand half was incubated at 37ЊC for 1 hr while the other half was maintained at 23ЊC. In each case, the nocodazole cell cycle block matin immunoprecipitation assay (Hecht et al., 1996;  was maintained. Strahl-Bolsinger et al., 1997) . This method involved resulting chromatin was sheared, and the protein of inPrecipitated DNA was amplified by PCR with primers specific to ARS1, ARS305, and URA3 DNA and analyzed by PAGE and EtBr terest and any associated DNA were immunoprecipistaining. PCR products from the corresponding input DNA samples tated. Next, the protein-DNA cross-links were reversed, are shown in the lower panels. and the associated DNA was subjected to PCR analysis to test for coprecipitation of specific DNA sequences.
and that immunoprecipitation of Orc1p-HA resulted in Different PCR primer pairs were used to assess the a 40-fold enrichment of origin sequences (0.4% coprerelative efficiency by which the protein of interest coprecipitated) compared with nonorigin sequences (0.01% cipitated different segments of DNA. coprecipitated). Precipitation of ARS1 DNA by ORC required an intact ORC Specifically Binds to Replication ORC DNA-binding site and wild-type ORC. Mutation of Origins In Vivo the A element of ARS1 eliminated coprecipitation of Initially, we tested the ability of hemagglutinin-tagged ARS1 DNA by Orc1p-HA ( Figure 1A , lane 8). Mutation Orc1p (Orc1p-HA) to mediate the immunoprecipitation of the ARS1 B1 element led to a 10-fold reduction of of origin DNA sequences. Immunoprecipitation of Orc1p-ARS1 association with Orc1p-HA ( Figure 1A , lane 9), HA resulted in the retention of origin DNA from the ARS1 indicating that the B1 element is important for ORC and ARS305 chromosomal origins, as detected by PCR binding to origins in vivo. Mutations in the B2 and B3 amplification ( Figure 1A, lane 3) . Coprecipitation of the elements of ARS1 (Marahrens and Stillman, 1992 ) did origin DNA depended upon formaldehyde cross-linking not appreciably reduce the association of ORC with and was not observed with untagged Orc1p ( Figure 1A , ARS1. We next tested if mutations in ORC subunits lanes 1 and 2). Conversely, nonorigin sequences, such altered the ability of ORC to coprecipitate origin DNA. as URA3, were not precipitated above background levYeast strains that harbored temperature-sensitive alels observed in untagged strains ( Figure 1A , compare leles of either ORC1 or ORC2 were arrested at G2/M lanes 1 and 3); analysis of several other nonorigin sewith the microtubule depolymerizing drug nocodazole quences yielded similar results (data not shown). PCR (this cell cycle arrest point provided the strongest signal analysis of the DNA prior to immunoprecipitation (input of ORC-origin association; see below). These experi-DNA) showed that equal amounts of each DNA fragment ments used monoclonal antibodies directed against were present in the chromatin extracts (Figure 1 , Input Orc2p and Orc3p, and the mutant ORCs were not modi-DNA). Titration of immunoprecipitated DNA indicated fied with HA. Both mutant ORC complexes showed significant defects in the ability to coprecipitate ARS1 and that the PCR amplification was within the linear range Strains OAy423 (wild-type, lanes 1, 3, 9, and 11) and OAy561 (cdc6-1, lanes 2, 4, 10, and 12), OAy558 (wild-type, lanes 5, 7, 13, and 15) and OAy559 (cdc46-1, lanes 6, 8, 14, and 16) were blocked in late G1 with ␣ factor or in G2/M with nocodazole at 23ЊC. The arrested cultures were split, and half was incubated at 37ЊC for 1 hr while the other half was maintained at 23ЊC. In all cases, the indicated cell cycle block was maintained. Chromatin immunoprecipitations were performed as described for Figure 1B. are likely to reflect association of ORC with the origin and not just Orc1p (data not shown).
The inhibition of origin coprecipitation with ORC in sponsible for this interference. To address the latter hypothesis, we disrupted the pre-RC using a temperature-sensitive allele of CDC6 (Cocker et al., 1996) . In-ARS305 DNA ( Figure 1B ). This finding strongly suggests cubation at the nonpermissive temperature of a G1-that these mutations render ORC defective in DNA bindarrested yeast strain harboring a temperature-sensitive ing. Because ORC is associated with origins at G2/M allele of CDC6 increased the efficiency of origin DNA and this interaction is disrupted by ORC mutations, we precipitation by ORC to a level equivalent to that of conclude that ORC is a component of the post-RC.
wild-type cells at G2/M (Figure 3 , lanes 1-4 and 11). Inactivation of Cdc6p in G2/M-blocked cells had no efImmunoprecipitation of ORC-Origin Complexes fect on coprecipitation of origin DNA (Figure 3 , lanes 11 Is Inhibited by the Pre-RC and 12). These data support the hypothesis that the To examine the association of ORC with origin DNA weak precipitation of ORC-associated origin sequences during cell cycle progression, a time course of immunoin G1 cells is due to occlusion by the pre-RC and argue precipitation, using cells synchronized with ␣ factor that ORC is a component of the pre-RC. pheromone and released into the cell cycle, was perSince preventing pre-RC formation by inactivating formed. This analysis revealed that coprecipitation of Cdc6p resulted in increased ORC-origin immunoprecipiorigin DNA with ORC was weak during G1 and sharply tation in G1, we hypothesized that other mutations that increased at the G1/S transition (Figure 2 ). In this experidisrupt the pre-RC would also increase immunoprecipiment, cells released from the initial G1 arrest were retation of the ORC-origin complex in G1 cells. To address blocked at the subsequent G1 with ␣ factor. As the the possibility that MCM proteins functioned at the precells arrested in G1, Orc1p-HA-mediated precipitation RC, we tested a yeast strain containing a temperatureof origin DNA was again inhibited (Figure 2 ). Coprecipitasensitive mutation in MCM5 (cdc46-1) for ORC-origin tion of nonorigin DNA did not vary during the cell cycle coprecipitation during G1. Similar to the effect of inacti- (Figure 2 , URA3). Similar results were obtained using vating Cdc6p, this strain exhibited an increase in ORCmonoclonal antibodies against Orc3p, indicating that mediated coprecipitation of origin DNA at the nonpermissive temperature during G1 but not during G2/M the cell cycle-dependent changes in origin precipitation (Figure 3, . These findings suggest that MCM proteins are components of the pre-RC.
MCM Proteins Are Components of the Prereplicative Complex
To address directly the presence of MCM and other proteins at the origin, we constructed strains with HAepitope-tagged Cdc6p (Cdc6p-HA), Cdc45p (Cdc45p-HA), . Each of these tagged proteins fully substituted for the wildtype protein and was the only form of that protein present in the cell. To accommodate the possibility that interactions of these proteins at origins were restricted to a segment of the cell cycle, we synchronized cells in late G1 with ␣ factor or in G2/M with nocodazole. Mcm4p-HA, Mcm7p-HA, and Cdc45p-HA were specifically associated with origins during late G1 but not in cells arrested at G2/M ( Figure 4A ). Quantification of these data indicated that Mcm4p-HA and Mcm7p-HA showed a 20-fold enrichment for origin sequences in G1 (0.1% origin versus 0.005% of nonorigin sequences retained). Immunoprecipitation of Cdc6p-HA did not result in enriched retention of origin DNA at the G1 or G2/M blocks ( Figure 4A ).
To determine if ORC and Cdc6p are required for the association of MCM proteins with origins, Mcm4p-HA and Mcm7p-HA were introduced separately into yeast strains containing temperature-sensitive mutations in ORC1 or CDC6. The association of origin DNA with the MCM proteins was reduced in the orc1 and cdc6 mutant strains at the nonpermissive temperature ( Figure 4B , lanes 15 and 16; data not shown). Thus, both Orc1p and 
Dynamic Interaction of MCM Proteins with Origin
OAy554 (Mcm4p-HA, cdc6-1) were arrested with ␣ factor at 23ЊC.
and Nonorigin DNA during S Phase
Half of each culture was shifted to 37ЊC (lanes 14-16) while the other Our data indicate that MCM proteins are associated with half was maintained at 23ЊC (lanes 11-13) and incubations were origin DNA during G1 but not G2/M. To investigate the continued in the presence of ␣ factor for 1 hr. transition between these two states, we assessed the These cells were fixed with formaldehyde and subjected to chromaassociation of MCM proteins with origin and nonorigin tin-immunoprecipitation analysis with anti-HA antibody.
DNA during the cell cycle. Two complementary cell cycle analyses of MCM-mediated precipitation of origin DNA to background levels as S phase was completed. These showed that Mcm4p-HA associated with origins in a results are in striking contrast to the origin-specific asperiodic manner ( Figure 5 ). Cells were blocked in late sociation of ORC throughout the cell cycle. Analogous M phase (cdc15-2) or in late G1 (␣ factor) and released experiments with Mcm7p-HA and Cdc45p-HA revealed into the cell cycle. In late M phase, no specific coprecipisimilar patterns of DNA association with origin and nontation of origin DNA was observed ( Figure 5A , 0 min).
origin DNA during the cell cycle (data not shown and In late G1, Mcm4p-HA was specifically associated with see below). These data suggest that the MCM proteins ARS1 and ARS305 ( Figure 5B , 0 min). Upon release from and Cdc45p act at origins in a very early step of replicaeither cell cycle block, coprecipitation of origin DNA tion, after which they redistribute to nonorigin DNA early increased and peaked at the time of the G1/S transition. the MCM-DNA and Cdc45p-DNA association profiles to S phase (and G2 and M), the pattern and timing of Mcm4p and Cdc45p coprecipitation of origin and nonorthat of DNA Pol⑀. Analysis of DNA Pol⑀ function strongly suggests that it acts at the replication fork to replicate igin DNA was strikingly similar to that mediated by Pol⑀-HA (Figure 6 ). At the start of replication, all three proteins one strand of the DNA (Sugino, 1995; Shcherbakova and Pavlov, 1996; Zlotkin et al., 1996) . To monitor the began to dissociate from origin DNA and became associated first with nonorigin DNA 8 kb distant from either progress of a replication fork, we analyzed the temporal association of DNA Pol⑀ with DNA sequences spanning origin (305 ϩ 8 kb and 306 ϩ 8 kb) and subsequently with the more distal sequence (17 kb; Figure 6 ). As S the ARS305 to ARS306 chromosomal region. Previous analyses of this 35 kb chromosomal region have shown phase was completed, associations with nonorigin DNA diminished and remained low until the following S phase that both ARS305 and ARS306 are highly active, early replicating chromosomal origins. Initiation at these ori-(DNA Pol⑀-HA) or G1 phase (MCM4p-HA and Cdc45p-HA; Figure 6 ). The increased association with nonorigin gins results in two converging replication forks duplicating the intervening region, which contains no other ori-DNA sequences during S phase was not observed in strains harboring Orc1p-HA (Figure 2 ) or lacking an HAgins or ARS elements (Newlon et al., 1991; Zhu et al., 1992) . We analyzed five sequences within this interval tagged protein (Figure 6 ). To further inhibit replication fork movement, we including the two origin sequences and three nonorigin sequences ( Figure 6A ). treated cells with hydroxyurea (HU), which inhibits ribonucleotide reductase, thus reducing the concentration If the MCMs, Cdc45p, and DNA Pol⑀ are associated with replication forks, these proteins would be expected of deoxyribonucleotides in the cell and eventually inhibiting DNA synthesis. Because both ARS305 and ARS306 to exhibit progressively later association with DNA sequences increasingly distant from origin DNA. Chromainitiate very early in S phase, we reasoned that these origins will initiate DNA replication prior to inhibition of tin immunoprecipitations of Mcm4p-HA, Cdc45p-HA, and DNA Pol⑀-HA were performed on strains synchro-DNA synthesis and that the normally brief association of a replication fork with certain DNA sequences would nized in late G1 with ␣ factor and released from the cell cycle block at 16ЊC (the rate of DNA replication at higher be extended as DNA replication slows. Yeast strains containing either Mcm4p-HA or Pol⑀-HA were released temperatures reduced the resolution of this analysis). In contrast to the specific coprecipitation of origin DNA from the ␣ factor block into hydroxyurea-containing medium at 23ЊC, and coprecipitation of sequences in the by Mcm4p-HA and Cdc45p-HA in late G1 ( Figures 6B  and 6D ), DNA Pol⑀-HA only became associated with ARS305-ARS306 region was analyzed ( Figure 7) . As with the previous experiment, the patterns of Mcm4p-HA and origin DNA at the G1/S transition ( Figure 6C ). Throughout DNA Pol⑀-HA association were distinct during G1 but and Cdc45p, like DNA Pol⑀, are components of replication forks. similar during S phase. Mcm4p-HA associated with origin DNA during G1 ( Figure 7A ) whereas DNA Pol⑀-HA only became associated with origin DNA as cells entered Discussion S phase ( Figure 7B ). During S phase, the dissociation of DNA Pol⑀-HA and Mcm4p-HA from origin DNA was ORC Is Bound to Prereplicative delayed, and the peak association of both proteins with and Postreplicative Origins adjacent nonorigin sequences (305 ϩ 8 kb and 306 ϩ 8
In this report, we have presented strong evidence that kb) was similarly delayed (Figure 7) . Notably, association ORC is a component of both the prereplicative complex with the 17 kb sequence was not observed with either and the postreplicative complex. Three lines of evidence protein, consistent with the eventual inhibition of DNA support our conclusion that ORC is present in the presynthesis by HU (Figure 7 , see FACS analysis). The se-RC. First, association of MCM proteins with origins in quential associations of Mcm4p-HA, Cdc45p-HA, and G1 was dependent upon ORC. Because ORC itself DNA Pol⑀-HA with DNA at increasing distances from cross-links to origin DNA, the most direct interpretation replication origins, as well as the similar effects of hyis that ORC DNA binding is a prerequisite for MCMdroxyurea on the Mcm4p-HA and DNA Pol⑀-HA interorigin association in G1 (i.e., pre-RC assembly). Second, the reduced coprecipitation of ORC-origin complexes actions with DNA strongly suggest the MCM proteins with ␣ factor and released into medium containing hydroxyurea at 23ЊC (time ϭ 0 min). Samples were collected, analyzed, and quantified as in Figure 6 . PCR reactions of the immunoprecipitated DNA are shown. The graphs are labeled as in Figure 6 except the % bound maximum is 0.14 for both experiments.
in G1 cells was alleviated by mutations that reduced the appear to act as a complex, our results suggest that the entire MCM complex localizes to origins during G1. activity of Mcm5p (a likely component of the pre-RC; see below) or Cdc6p (required for establishment of the Cdc45p is an essential replication factor that physically associates with Mcm5p and displays genetic interacpre-RC), suggesting that the pre-RC structure occluded origin-bound ORC from immunoprecipitation. Third, altions with five of the six members of the MCM gene family and ORC2 (Moir et al., 1982 ; Hennessy et al., though coprecipitation of ORC-associated origin DNA was reduced in prereplicative cells (Figure 2) , it was still 1991; Hopwood and Dalton, 1996; Zou et al., 1997) . The interactions we observed between Cdc45p and origin detectable above background levels and was reduced or eliminated by mutations in ORC1 and ORC2 (data not DNA were indistinguishable from those of Mcm4p and Mcm7p (data not shown), leading us to conclude that shown). Together, these results argue that ORC is a component of the pre-RC. In addition, we conclude that Cdc45p is also a component of the pre-RC. Our data addressing the assembly and composition ORC is a member of the post-RC based on the efficient coprecipitation of ORC-origin DNA complexes in an of the pre-RC are consistent with and extend previous studies of the assembly of ORC, Cdc6p, and MCM pro-ORC1-and ORC2-dependent manner from G2/M cells (Figure 1) . Our results have not implicated any other teins on total chromatin. In Xenopus laevis, analysis of XlORC, XlCdc6p, and XlMCM proteins strongly sugprotein in the post-RC structure. As a whole, our results provide strong evidence that ORC is bound to yeast gested that these factors associate with total chromatin in an ordered fashion: XlORC is required for XlCdc6p origins throughout most if not all of the cell cycle.
chromatin association, and both factors are required for XlMCM proteins to bind tightly to the chromatin (ColeThe MCM Proteins and Cdc45p Are Components of the Prereplicative Complex man et al., 1996; Romanowski et al., 1996a; Rowles et al., 1996) . Our results are consistent with a similar set We have identified an association between Mcm4p and Mcm7p and origin DNA sequences in G1 cells that reof ordered events leading to origin-specific pre-RC assembly. Whereas ORC association with origin DNA was quires ORC and Cdc6p function ( Figure 4B and data not shown). Thus, we conclude that Mcm4p and Mcm7p are independent of Cdc6p and MCM activity, MCM protein loading onto and continued association with origin DNA present in the pre-RC; and because the MCM proteins during G1 was dependent on ORC and Cdc6p function ( Figure 4B) . A previous study of MCM association with total chromatin isolated from G1-arrested yeast cells has suggested that Cdc6p function is required for MCM loading onto chromatin but that maintenance of this interaction is independent of Cdc6p (Donovan et al., 1997) . By addressing the sequence specificity of MCMchromatin interactions, our results indicate, at least in S. cerevisiae, that origins of DNA replication are the principal chromatin binding sites of MCM proteins during G1.
MCM Proteins and Cdc45p as Putative Members of Replication Forks
Our finding that MCM proteins and Cdc45p associate with origin DNA during G1 and with nonorigin DNA dur- before DNA replication and are displaced by passage It is likely that there are other factors in the pre-RC (e.g., Dbf4p); of the replication fork (Dutta and Bell, 1997) . Our data however, they are not illustrated as it is not clear if they are stable members of the pre-RC. We hypothesize that activation of this comcan accommodate this hypothesis if we postulate that plex leads to the formation of unwound DNA at the origin, and that accessibility to MCMs is high at origin DNA and low at at origin DNA in G1 that dissociates upon initiation and binds nonorigin DNA. If this is the case, MCM proteins must have at least two modes of DNA binding: one that
Mcm4p and DNA Pol⑀ with the sequences 8 kb from the origins (305 ϩ 8 kb and 306 ϩ 8 kb) in HU-treated cells is dependent on Cdc6p and activates origin function and a second that is independent of Cdc6p (Cdc6p is argues that by reducing the rate of fork movement, the rate of MCM redistribution is also reduced. Taken todegraded at the G1/S transition; Piatti et al., 1995) and cannot activate origins of replication.
gether, these results provide compelling evidence that MCM proteins and Cdc45p are components of the pre-A third model that most closely fits our data is that MCM proteins and Cdc45p load at origins of replication RC and, upon initiation, become components of a replication fork moving away from the origin. and, upon entry into S phase, move with the replication fork (Figure 8 ). This is supported by our finding that Several properties of the MCM proteins are consistent with a role at the replication fork. First, human MCM these proteins are components of the pre-RC and are principally associated with origin DNA during G1. Furproteins were identified by their association with DNA Pol␣/primase complexes (Thommes et al., 1992) . Secthermore, several criteria support the hypothesis that MCM proteins and Cdc45p act at or move with replicaond, the most conserved region of the MCM amino acid sequences shows strong similarity to DNA-dependent tion forks. First, MCM proteins, Cdc45p, and the replicative DNA Pol⑀ exhibit similar temporal patterns of DNA ATPases (Koonin, 1993) , suggesting that MCM proteins have the ability to use the energy of ATP hydrolysis to interactions during S phase, associating first with origins and subsequently with increasingly distal nonorigin semove along the DNA. Third, association of yeast MCM proteins with total chromatin during the cell cycle is quences. The rapid degradation of Cdc6p protein at the G1/S transition (Piatti et al., 1995) argues that the highest in G1, decreases during S phase (HU arrested), and is very low during G2 and M (Yan et al., 1993 ; Donomechanism of MCM-nonorigin DNA association in S phase is distinct from its association with the pre-RC. van et al., 1997) . Similarly, Xenopus MCM proteins are removed from the chromatin as DNA replication proSecond, experiments employing hydroxyurea (HU) to inhibit DNA synthesis found a persisting association of ceeds (Kubota et al., 1995; Madine et al., 1995) , as would be expected if MCM proteins are released from chroMcm4p and DNA Pol⑀ with origin DNA, suggesting that robust elongation is necessary for MCM proteins to dismatin as replication forks meet. Interestingly, release of Xenopus MCM proteins is inhibited by addition of sociate from origin-proximal DNA. Because cells arrested in early S phase with HU exhibit ORC-origin assoaphidicolin (an inhibitor of DNA Polymerases), consistent with inhibition of replication fork function preventing ciations indicative of the post-RC (data not shown), we conclude that the continued association of MCM prorelease of MCM proteins. This replication-dependent association of MCM proteins with S phase chromatin teins with origin-proximal DNA is due to the inhibition of elongation rather than a failure to disassemble the strongly suggests a role for these proteins after the initiation of DNA replication. pre-RC. Third, the delay in the peak associations of Immunocytological analyses in human and Xenopus or the Cdc7p/Dbf4p kinase could effect changes in the composition or conformation of the pre-RC, resulting in cells have shown that MCM proteins do not colocalize with foci of dUTP incorporated into newly synthesized DNA Pol⑀ association with the origin. Alternatively, it is possible that recruitment of DNA Pol⑀ to the origin DNA (Kimura et al., 1994; Madine et al., 1995; Todorov et al., 1995; Romanowski et al., 1996b) . This result would coincides with the formation of the first primer-template junction at the origin. Exclusion of certain replication appear to conflict with our data that suggest an association of the MCMs with replication forks. There are enzymes from the pre-RC may provide a regulatory mechanism to prevent precocious DNA synthesis. several possible reasons for this. First, our study selectively analyzes MCM proteins associated with and
The association of DNA Polymerase ⑀ with the origin complex defines a molecular intermediate that coincross-linked to DNA, whereas immunocytological techniques are likely to detect a more diverse population cides with the transition from the pre-RC to the post-RC (Figure 8 ). This complex is distinguished from the of these abundant proteins, including non-chromatinbound species. Second, sites of dUTP incorporation pre-RC and post-RC by at least two protein components, Pol⑀ and Pol␦ (data not shown), and its relatively clearly represent replicated DNA molecules but may not colocalize with replication forks where only a small fractransitory nature at origins. We suggest this complex be termed the replicative complex (RC) because its comtion of the replicated DNA need be present at any time. Third, RPA-containing foci and the sites of dUTP incorponentry and kinetics strongly suggest it plays a role at the replication fork. The MCM proteins and Cdc45p poration do not preferentially colocalize with either XlOrc2p or XlCdc6p, which, like the MCMs, are required appear to be shared by the pre-RC and the RC. Analysis of this DNA replication intermediate will provide an imfor initiation of replication (Coleman et al., 1996; Romanowski et al., 1996b) . In fact, formation of RPA-conportant tool to dissect the mechanisms that regulate the G1/S transition and the temporal control of replication taining foci occurs in the absence of XlOrc2p and XlCdc6p. Thus, the relationship between replication foci initiation during S phase. and specific replication structures such as ORC DNAbinding sites and replication forks remains unclear. Fi-
Experimental Procedures
nally, we cannot rule out that there are bona fide differences in certain basic aspects of the replication process The function of the MCM proteins both during initiation sion with each coding sequences. An N-terminally deleted fragment and elongation is unknown; however, the properties of of each gene fusion was subcloned into an integrating vector of the pRS family (Sikorski and Hieter, 1989) . The resulting plasmids, these proteins suggests several interesting possibilities. act as a DNA helicase. DNA helicases are frequently hexameric, and those that are involved in chromosomal Strain Constructions replication often associate with DNA polymerases. In OAy470 (MATa, 112, 15,  addition, DNA helicases are frequently recruited to the can1-100, bar1::hisG, derived from W303-1a) was the parent for origin initially by protein-protein interactions prior to most of the strains used in this study. Strains OAy576-580 were initiation (Baker and Kornberg, 1992) . Thus, the associaderived from SP1-WT, SP1-A, SP1-B1, SP1-B2, and SP1-B3, retion of MCM proteins with yeast origins prior to initiation, spectively (Marahrens and Stillman, 1994) . OAy558 (MATa, 112, bar1::LEU2) , and OAy559 (MATa,  the potential association of MCMs with DNA Pol␣, 112, bar1::LEU2) were derived from DBy2063 and DBy2028, the likelihood that MCM proteins are in a heterohexarespectively (Moir et al., 1982) . The orc1-161 strain (OAy422) will meric complex supports this hypothesis (Dutta and Bell, be described in detail elsewhere. Epitope tags were constructed 1997). It is also possible that MCM proteins act as chroby homologous recombination that disrupted the wild-type allele matin-remodeling factors, similar to the SWI/SNF/NURF and simultaneously created a C-terminal epitope-tagged version of chromatin-remodeling factors (Kingston et al., 1996) , the gene.
preparing the chromatin for efficient passage of the replication fork. More in-depth analysis of the biochemical
Yeast Methods
properties of the MCM proteins will be required to eluciFor ␣ factor arrests, cells were suspended in fresh YEPD containing date their exact role in the DNA replication process. 50 mM phthalic acid (pH ϭ 5.5) and 30 nM ␣ factor at OD600 ϭ 0.5 and incubated 3.5 hr at 23ЊC. For ␣ factor block and release experiments, cells were arrested for 4 hr at 23ЊC; ␣ factor was
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removed by centrifugation, and cells were resuspended in medium Our analysis of DNA Pol⑀-origin association suggests containing 0.1 mg/ml pronase E (Sigma) at OD600 ϭ 1.0. Hydroxyurea (Fluka) was used at 200 mM. For nocodazole arrests, cells were that DNA Pol⑀ is recruited to the origin after formation resuspended in fresh YEPD containing 10 g/ml nocodazole (Sigma) of the pre-RC. In contrast to MCM proteins and Cdc45p, at OD 600 ϭ 0.5 and incubated 3.5 hr at 23ЊC. A minimum of 95% of the DNA Pol⑀ is not associated with origin DNA during the cells were unbudded in ␣ factor-arrested cultures, and 85%-90% of G1 phase of the cell cycle. Instead, DNA Pol⑀-origin the cells were dumbbell shaped in the nocodazole-arrested cultures.
binding is first observed at approximately the time of Block and release with the cdc15-2 allele (OAy556) was carried out initiation of DNA replication and is not inhibited by hyby a 4 hr incubation at 37ЊC. FACS analysis was performed as described previously (Bell et al., 1993) . droxyurea. Signals relayed by a cyclin-dependent kinase
